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SECTION I 
INTRODUCTION 


In a program performed under Air Force Contract Number FO6635-77-C- 
0216, Scott Environmental Technology, Inc., measured the exhaust emissions 
of three J57-59W engines. The tests were performed on two overhauled 
and one recently repaired engine at the Air National Guard Test Cell at 
Little Rock Air Force Base, Arkansas. The emission tests consisted of 
analysis of the exhaust gases, smoke level and particulate emissions. 
Smoke and gas analysis were performed using the Air Force Mobile Emissions 
Laboratory (MEL). The MEL is a state-of-the-art analysis system for 
turbine engine exhaust emissions measurement. It meets all the standards 
of the Environmental Protection Agency (40CFR&7) and the SAE Aerospace 
Recommended Practice (ARP) 1256. 


A traversing probe was used to collect exhaust samples from four 
centers of equal area located along an exhaust plane radius. ‘The center 
point was also sampled for completeness. Complete traverses across the 
exhaust plume were not possible due to interferences between the traverse 
probe and the engine stand restraint system. The traverse probe sample 
inlets were located 1.23 meters downstream of the engine exhaust plane. 
The smoke transmissometer mounting frame was located 0.51 meters behind 
the engine exhaust plane. The smoke meter light beam was directed 
horizontally across the J57 exhaust plume. In addition, Ringelmann 
readings were made of the exhaust plume. 


The emission tests were made at idle, intermediate, military and 
take-off power. The J57-59W uses water injection at take-off power. 
Emissions tests were performed during continuous engine operation at 
idle, intermediate and military power. Due to the restriction of running 
time at take-off power, the engine was returned to military in between 
five- minute power bursts to take-off power. One each power burst was 
used for each one of the five probe samples. 


The engine tests are marked 4, 5, and 6 in the data to separate 
them from tests of a different engine model performed earlier in the 
program. 
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As a result of the tests reported herein, 


SECTION II 


SUMMARY 


the best estimate emission 


factors for the J57-59W engine have been determined. The factors for 
the gaseous and particulates emissions are the mean values for the three 
the smoke opacity data are the means for the three 


tests. Likewise, 
engines tested. 


TABLE 


Total Hydrocarbons 


Carbon Monoxide 


Total Oxides of 


Nitrogen 


*Water augmentation was used in the T/O mode. 
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J57-59W ENGINE EMISSION FACTORS 
Gaseous Emissions 


Mode 


Idle 
TN ths 
Mil. 
T/O* 


Idle 
Ent. 
Mil. 
T/O* 


Idle 
1) ol oes 
Mil. 
T/O* 


Emission Index 


Grams Per Kilograms 
of Fuel 


52.90 
eke 
OZ2E 
2649 


64.90 
8.85 
Dg 

21.10 


2.38 
Guts 
11.30 
PAP fl 


Emission Rate 
Kilograms Per Hour 


22. Bo 


1.98 
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TABLE 2-2. J57-59W ENGINE EMISSION FACTORS 


Particulate Emissions 


Emission Index 
Grams Per Kilograms 


Pollutant Mode __of Fuel 
Particulates Mil. 10.43 
T/O* 123.83 


*Water augmentation was used in the T/O mode. 


TABLE 2-3. J57-59W ENGINE SMOKE OPACITY 


Emission Rate 
Kilograms Per Hour 


7p SH 


L905 


MEASUREMENTS 


Parameter Mode Smoke Opacity (%) 
Smoke Opacity Idle 1 

Int. o 

Mil. 8 

T/O* 18 
*Water augmentation was used in the T/O mode. 
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SECTION IIT 
EXHAUST EMISSION MEASUREMENTS 


Shida wenbarenents were performed by the techniques described in 
Reference 1 using the Air Force Mobile Emissions Laboratory (MEL) instru- 
mentation and sampling systems. Figures 3-1 and 3-2 are photographs of 
the MEL and its interior. Figure 3-3 illustrates the MEL's location 
adjacent to the J57 test cell at Little Rock Air Force Base and Figure 
3-4 shows the sample probe being aligned behind the test engine and the 
Opacity meter framework location behind the engine. Calculation of 
gaseous emission rates was performed using the concentrations measured 
at the engine exhaust. The procedure is specified in SAE ARP 1256 
(Reference 2). The emission rates of total hydrocarbon, carbon monoxide | 
and total oxides of nitrogen were calculated from the exhaust concentra- 
tions measured at the various power levels tested. The emission rates 
of the total oxides of sulfur were calculated from the fuel analysis and 
fuel flow rates. Emission rates are reported in Emission Index (pounds 
per thousand pounds of fuel) and pounds per hour. The gas analysis data 
are contained in several computer generated reports which follow in the 
appendix. The first report called the Model Summary Report (Appendix A) 
is a statistical summary of the test results in an emission index format. 

Next are listed the Individual Engine Test Reports (Appendix B) which 
describe the test results obtained from each engine. The raw data which 
were used in calculating the results listed in the first two reports are 
contained in the remaining material in this section. These reports are: 
Mass Calculation; Engine Edit Report; Smoke Edit Report; and Concentration 
Edit Report (Appendices C through F). 


Due to restrictions imposed on the traversing probe movement by the 
proximity of the engine test stand restraining harness, only the lower 
right hand quadrant of the engine exhaust plane (observer facing upstream) 
could be sampled. Four sample points at centers of equal area plus the 
engine center point were sampled. The traversing probe was located 1.23 
meters behind the engine exhaust plane. 


3.0 Description Of Data 


All the data of tests 4 and 5 are mass flow weighted. The data of 
test 6 are area weighted since no exhaust gas temperatures were available 
for use in calculating exhaust gas flow rates. This was caused by a 
failure of the exhaust gas thermocouple which went undetected during the 
test run. 


Ref. 1 Air Force Emissions Survey, Scott Environmental Technology, 
Inc., August 1977, Report Number 1492-50-08-77 


Ref. 2 Procedure for the Continuous Measurement of Gas Turbine Exhaust 
Emissions - Society of Automotive Engineers, ARP 1256. 


Figure 3-1. Photograph of MEL 


Figure 3-2. Photograph of MEL Interior 
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Figure 3-3. MEL Adjacent to J57 Test 
Cell 


Figure 3-4. Sample Probe and Opacity 
Meter Installed Behind 
J~-~57 Test Engine 
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The variations in the data are typical for turbine engine tests. 
A larger sample would have produced a more statistically significant 
result. The results for the main pollutants of interest; total hydro- 
carbons, carbon monoxide, and total oxides of nitrogen, are quite con- 
sistent from engine to engine. Total hydrocarbons at military power 
always show significant variation mostly because the emission levels are 
very low and a change in a few parts per million of hydrocarbon concen- 
tration changes the emission index several percent. 


SECTION IV 
PARTICULATE MEASUREMENTS 


Particulate loading measurements of the J57 exhaust were made at 
military and take-off power setting. The technique used conformed to 
Environmental Protection Agency Method 5 as published in 40CFR 23 December 
1971. The condensible fraction was determined using the method of 
LAAPCD Source Testing Manual, December 1972. 


The particulate sampling system is illustrated in Figure 4-l. A 
special particulate probe was fashioned from one-fourth inch OD stainless 
steel tubing bent so that the inlet end of the tube faced into the jet 
exhaust. The particulate probe inlet was positioned halfway between the 
smoke probe and the gas probe inlets on the traversing probe. A constant 
flow rate was drawn into the particulate system using a Scott Model 100 
sampling system which conforms to the specifications of EPA Method 5. 

The sample rate of approximately 0.35 liters/second was set by adjusting 
AH to 4.57 centimeters of water differential. 


Table 4-1 lists the results of the particulate measurements. It 
was not possible to calculate the particulate emission rates for test 6 
due to the missing exhaust volume rates. The particulate emission rates 
were calculated from the measured particulate loadings and the measured 
exhaust volume flow rates. The following equations were used: 


Exhaust Volume Flow Rate (l/s) = pv Ag x 2.17 1/kg = Vv (1) 


mt _ Ing 1.0g : 
Emission Rate (kg/hr) = 1 *1000mg x V x 3600 s/hr (2) 


Emission Rate (g/kg) ao DE_et aston (3) 


kg/hr fuel 


Where: pV is the mass wgighting parameter and has the units 
kg-s/m 


A is the nozzle area (0.30 m*) 


2 
g is the gravitational constant 9.81 m/s 


Vv is the exhaust volume flow rate 1/s 
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TABLE 4-1. 


Test No. 


Acetone Front Fraction - mg 
Filter Fraction - mg 


Total Front - mg 


PARTICULATE SUMMARY 
J57-59W ENGINE TESTS, LITTLE ROCK AFB, SEPTEMBER 1977 


Organic Extract Fraction - mg 11.9 


Water Residue Fraction - mg 


Total Back - mg 


Total - mg 


Sample Volume 
Measured Vol. - Cu Ft 


Wet Test Meter Temp. - °R 
Barometric Press. - AHg 

AH Orifice Press. Drop - AHg 
Sample Vol. - scf* 


Water Content 


Final Vol of H,0 Impinger 
+ Silica Gel - ml 

Initial Vol. of H,0 - ml 
Vol. of H,0 Collected - ml 


% Moisture in Exhaust 


Particulate Loading mg/scf 


Organic Exhaust Fraction mg/scf1.13 


Residual H,0 Fraction mg/scf 


Total Emission - scf 


* 29.92 inches Hg, 70°F 


** Aocidental water loss (occurred after test) 


4 5 6 
MIL T/O MIL T/O MIL T/O 
3.00 4.3 Kl 3.5 13.4 6.9 
10.9 56.6 27.3 ie JE 24.8 84.2 
13.9 60.9 30.4 62.7 38.2 91.1 
a 13.1 2.4 12.7 11.5 
14.5 6.0 13.0 P 18.7 3.4 
26.4 T79 26.1 6-L 31.4 14.9 
40.3 78.8 56.5 68.8 69.6 106.0 
10.663 4.618 8.743 4.316 8.794 4.413 
Daioh 538.1 534.2 540.6 533.5 537.1 
29.91 29.91 29.70 29.70 29.70 29.70 
1.6 1.8 1.8 1.8 1.8 1.8 
10.56 4.566 8.647 4.218 8.709 4.341 
176.2 221.8 215.9 245.6 186.2 217.5 j 
200 200 200 200 200 200 
-23.8 21.8 15.9 45.6 =i3<6°" 17.5 
-- 18.5 8.02 33.9 —_ 16.04 
1.31 13.34 3.52 14.86 4.39 20.99 
2.61 1.51 0.57 1.46 2.65 
1.37 L.3L 1.50 0.88 2.15 0.78 
3.82 17.3 6.53 16.3 7.99 24.4 
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TABLE 4-1. PARTICULATE SUMMARY 
357-59W ENGINE TESTS LITTLE ROCK AFB, SEPTEMBER 1977 (continued) 


Test No, 4 5 6 
MIL T/O MIL T/O MIL T/O 


% of Total by Weight 


Solvent Solubles 2200 tS. Gace 355 18.2 10.9 

Water Solubles 36.0 7.6 23.0 5.4 26.9 a 

Filtrate 34.5 Tas 53.8 91.2 54.9 85.9 
100 100 100 100 100 100 


Emission Rates 


Particulate #/hr 22.73 249.28 60.55 297.38 * * 
Particulate #/K# fuel 2.88 20.8 7.66 24.2 * * 


* Exhaust volume flow not measured 
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SECTION VY 


SMOKE OPACITY 


The smoke opacity of the J57-59W test engines was measured using a 
Wager Model P5 Smoke Transmissometer. 
to measure horizontally across the exhaust plane at a point 50.8 cm aft 
Table 5-1 contains the smoke density readings 
obtained on the three J57-59W engines tested. Zero opacity corresponds 
to no attenuation of the light beam and 100 percent opacity would be 


of the exhaust nozzle. 


complete obscuration of the light beam. 


TABLE 5-1. 
Test No. 


4 


The smoke meter was mounted so as 


SMOKE TRANSMISSOMETER READINGS 


Idle 
Int 
Mil 
T/O 


Idle 
Int 
Mil 
T/O 


Idle 
Int 
Mil 
T/O 


lode 


Power M 


12 


Percent Smoke Opacity 


SECTION VI 
DISCUSSION OF RESULTS 


The injection of water into the J57-59W results in higher carbon 
monoxide, hydrocarbon, and particulate emissions rates. Oxides of 
nitrogen emissions are decreased by the water augmentation. The varia- 
tions in emissions over the military thrust mode are very significant. 
Table 6-1 presents the percentage changes in emissions between the 
military and water augmentation modes. 


The drastic changes in emissions are caused by the water being 
injected in front of the engine's primary compressor turbines. The 
injection of water quenches the combustion reaction thereby inhibiting 
formation of nitrogen oxides and complete combustion of the fuel. This 
quenching is clearly demonstrated by the fact that the water augmented 
exhaust temperature is only 2°c higher than that in military, in spite 
of a 56 percent greater fuel flow. The net result is an increase in 
carbon monoxide and hydrocarbons and a decrease in oxides of nitrogen 
emissions. There is also an increase in particulate emissions because 
of the addition of the particulate matter from the water and collection 
of some of the additional hydrocarbons as particulate matter. 


Water augmentation also increases the opacity of the J57-59W engine's 
plume. The opacity of the plume was measured by a transmissometer and a 
Ringelmann reader. The results from the transmissometer data are much 
lower than the Ringelmann opacity readings (Table 6-2). This was because 
the Ringelmann readings were taken after condensation of steam in the 
plume began to occur. Therefore, the transmissometer indicated a lower 
opacity measurement than the plumes maximum opacity. Smoke Number 
measurements were also taken and are shown in Table 6-2. 


Table 6-2 presents the means for smoke number, transmissometer and 
Ringelmann data. The percent change between military and water augmenta- 
tion is calculated for each type of measurement. The relative increases 
indicate major increases in both particulate emissions and smoke using 
water injection. 


In conclusion. the results indicate that water augmentation causes 
increases in almost all emissions except oxides of nitrogen which are 
lower. These factors are "best estimates" and should be used for 
environmental assessments. 
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TABLE 6-1. 


Pollutant 

Carbon Monoxide 
Hydrocarbons 
Oxides of Nitrogen 


Particulates 


RELATIVE EMISSIONS INCREASES FROM 


WATER AUGMENTATION J57-59W 


Emissions (kg/hr) 


Military 


Water Augmentation 
116.30 


12-0 
14.9 


124.0 


Percent 


Increase (Decrease) 


1264 


1556 


(63) 


557 


TABLE 6-2. J57-59W OPACITY AND SMOKE NUMBER MEASUREMENTS 


Type of 
Measurement 


Transmissometer 
(percent opacity) 


Ringelmann 
(percent opacity) 


S.A.E. Smoke Number 


43.0 


Water 
Augmentation 
18.0 


45.5 


62.4 


Percent 
Increase 


120 


194 
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RINGELMANN OPACITY OBSERVATIONS 
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Ringelmann observations were taken during the J57-59W emission 
tests by a qualified Air Force observer. The Method 9 procedure was 
used to make the Ringelmann readings except for two variations. The 
plume was observed for only two seconds at a point ten meters directly 
aft of the engines exhaust nozzel. The plume would normally be allowed 
to build up and a Ringelmann reading is taken of the maximum plume 
opacity. The turbine engine exhaust plume dissipated very rapidly. In 
order to measure the maximum plume opacity, readings could only be taken 
for two-second time periods. In addition, the maximum opacity occurred 
ten meters aft of exhaust nozzel for all power modes because the plume 
was detached from the source. The Ringelmann observations were made at 
this point. 


The Ringelmann data is presented in Table 6-3. Atmospheric data 


was made at the base weather station located 1.5 kilometers from the 
test site. All readings were taken against a bluish-white sky. 
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INITIAL DISTRIBUTION 


ADTC/CS 1 Det 1 ADTC/TST a 
DDC /TCA 2 1 MSEW 1 
HQ AFSC/DL 1 OUSDRE&E 1 
HQ AFSC/SD 1 USAF Hospital, Wiesbaden t 
HQ USAF/LGEL 1 AFAPL/CC 1 
HQ USAF/SGPA 1 AFAPL/SFF i 
SAF/MIQ 1 AFAPL/TBC 1 
SAF/OI i Naval Air Propulsion Center 1 
AFIT/Library 1 NEPSS I 
AFIT/DE 1 HQ TAC/DEEV 1 
Federal Laboratory Program 1 HQ TAC/SGP 1 
EPA/ORD 1 HQ SAC/DEEV 1 
USA Chief, R&D/EQ 1 HQ SAC/SGP 1 
OEHL/CC 1 HQ USAFE/DEEV i 
USN Chief, R&D/EQ 1 HQ USAFE/SGP 1 
AFCEC/DEV 1 Scott Environmental Technologyl 
USAFESAM/EDE ? Det 1 ADTC/ECA 6 
AFISC 2 EPA/RTP L 
AUL/LSE 1 NGB/DEM 2 
HQ USAFA/Library 1 189 MAF/CC 1 
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